Abstract. Epidemiological studies have shown that the clinical incidence of prostate cancer varies by geographical area. When individuals move from low to high prostate cancer incidence areas, the risk of developing cancer increases to the level observed in the indigenous population. It was hypothesized that this observation is related to diet or more specifically to nutraceuticals present in food, medicinal plants, and herbs. Nutraceuticals can inhibit or downregulate enzymes critical for cancer formation. We tested this hypothesis by searching the 3D database of nutraceuticals and docking them to the 3D structure of urokinase. In addition to nutraceuticals, the database contains known uPA inhibitors that served as positive controls. From >1,000 compounds, several potential uPA inhibitors have been selected (antipain, leupeptin, folic acid, rosmarinic acid, lavendustin A, fisetin, myricetin, tolfenamic acid). Some of these were subject to further tests on inhibitory activity and inhibition of sprout formation. We found that compounds selected by computational methods indeed inhibit uPA and sprout formation. However, because the database of nutraceuticals was small, we did not expect to find either many or high affinity/specific inhibitors. Rather, we tested this method as a proof of concept. All the facts described above support the hypothesis that nutrients selected by computerized searches can inhibit unwanted uPA activity and thus reduce angiogenesis. If true, a proper diet rich in uPA-inhibiting nutraceuticals might support the prevention of prostrate cancer and be a supportive tool in prostate cancer treatment.
Introduction
Prostate cancer is the second most common cause of cancerrelated death among American men. The widespread use of the PSA test as an adjunct to digital rectal examination has led to an increase in the diagnosis of prostate cancer in its early stages. Treatment of organ confined prostatic cancer includes radical prostatectomy, radiotherapy, cryosurgical ablation and watchful waiting. Results from all these are favorable at least in terms of short-term outcomes. Still, 30% of patients with T1c disease will experience biochemical failure within 5 years of treatment. All forms of treatment carry morbidity and alternative methods of treatment or prevention are being pursued, among them, life style changes such as alteration in diet (1) .
Epidemiological studies have shown that the clinical incidence of prostate cancer varies by geographical area. When individuals move from low to high prostate cancer incidence areas, the risk of developing cancer increases to the level observed in the indigenous population. It was hypothesized that this observation is related to diet or more specifically to nutraceuticals present in fruits, vegetables, common beverages, grains, marine products, medicinal plants, and herbs. Rafi et al defines nutraceuticals as naturally derived, bioactive compounds that have health-promoting, disease-preventing, or medicinal properties and have an impact on human genes or proteins that control cellular metabolisms (2) . Two prominent nutraceuticals (curcumin and EGCG from green tea) have been implicated in anti-cancer activity (3). However, numerous pathways have been postulated and the mechanism of action remains unclear. Examples include inhibition of COXs, LOX, uPA, nuclear factor-κB activity, and downregulating the antiapoptotic protein, Bcl-2 (4-9). Also, the same chemical might cause the same biological effect, but by different pathways. It has been reported that curcumin down-regulates MMP-2 (10,11), inhibits P-12-LOX and reduces the production of 12-HETE, which leads to downregulation of VEGF (7, 12, 13) . Inhibiting any of these enzymes alone would reduce angiogenesis. Targeting diverse proteins by the same nutraceutical seems to be the rule rather than the exception.
Moreover, the binding affinity of ligands to their enzymes can be species-specific. For example, a direct comparison of human and murine neutrophil elastase and proteinase 3 revealed significant differences among species in physicochemical properties, substrate specificities and enzyme kinetics towards synthetic peptide substrates, oxidized insulin B chain, and fibri-nogen (14) . Also, there are significant structural differences between human and animal enzymatic targets as we detected in the case of urokinase (15) . Rat uPA turned out to be the most distant to human uPA, while the structure of baboon and mouse uPA are surprisingly very similar to human uPA. Thus, extra-polation of epidemiological results from human study and attempts to confirm them in an animal model can be confusing. Also, efforts to identify a single enzyme as a target for nutra-ceuticals deduced from human study (inhibition of VEGF in angiogenesis as an example) can miss other critical targets. The alternative is to check numerous enzymes for inhibitory activity of nutraceuticals to predict the simultaneously occurring events and competition between them. However, the search for uPA inhibitors from hundreds of thousands of nutraceuticals using classical biochemical methods is not practical. A more acceptable method is a computerized search of enzyme inhibitors using in silico selection from a database of nutraceuticals and 3D structures of proteins to narrow down the number of molecules worth pursuing. In this study, we attempted to verify this concept using a small database of nutraceuticals to find enzyme inhibitors for the urokinase plasminogen activator.
Urokinase (a serine protease) is one of the important enzymes in prostate cancer formation that is overexpressed in prostate carcinomas and also in many other cancers (16) . The cancer promoting properties of this enzyme are caused by the activation of cancer proteolytic machinery, and the hydrolysis of basement membrane and connective tissue proteins. It has been reported that cells transfected with a plasmid, causing an overexpression of uPA in prostate cancer cells, showed a marked increase in metastasis, compared to the parental cell phenotype in the animal model. Moreover, when uPA was inhibited, a reduction of metastatic potential was shown in many in vitro and in vivo models (17) (18) (19) .
It has also been shown that inhibitors of uPA can reduce tumor size. Billstrom et al showed that p-aminobenzamidine, a competitive inhibitor of uPA, caused dose-dependent inhibition of uPA activity and decreased tumor-growth in DU-145 (human prostate cancer cells) inoculated SCID mice, when compared with non-treated animals (20) . Amiloride, another uPA inhibitor, reduces tumor growth and decreases the proliferation of the tumor cells in hepatomas, intestinal carcinomas and LnCAP prostatic cancer xenografts grown in SCID mice (21, 22) .
This phenomenon is related to angiogenesis. The tips of neovascular advancing capillary vessels surrounding tumors have been reported to contain high amounts of uPA and its receptor. The binding of the proteolytically inactive ligand to the uPA receptor reduces the amount of uPA on the surface of capillary endothelial cells, reducing angiogenesis and consequently tumor growth (23) . Also, our studies have shown that uPA inhibitors reduce angiogenesis in the chick embryo model and reduce the length and number of sprouts in a human umbilical vascular endothelial cells (HUVEC) assay. In both cases, inhibition of uPA activity on the tip of the capillary vessel or sprout prohibits cell migration and reduces their growth (22, 24) . Thus, inhibition of uPA can reduce tumor size, angiogenesis and metastasis, which we hope can be regulated by nutraceuticals inhibiting uPA.
Materials and methods
Obtaining the starting structure. All molecular modeling, structure visualization and database creation were done on an SGI workstation using the Insight II package ver. 2000 from Accelrys, Inc., San Diego, CA and the Sybyl program ver. 6.8 from Tripos, Inc., St. Louis, MO. Further visualization was done on a PC using Deep View Swiss-Protein PDBViewer and its PovRay extension (25) or the PyMOL program version 0.98, and ABPS tools (26) . The atomic coordinates of uPA were retrieved from the Protein Data Bank, entry 1LMW, depicting the structure of the catalytic domain of human uPA with the inhibitor Glu-Gly-Arg chloromethyl ketone (27) . To prepare a target structure of uPA for calculations, the inhibitor was removed from the set of coordinates, hydrogen atoms were added, and the appropriate charges were assigned throughout the molecule assuming a physiological pH 7.4. The partial and formal charges were assigned accordingly to the extensible systemic force field (esff).
Three-dimensional database of the chemical structures of nutrients.
Compounds of nutrients randomly selected from literature were drawn using the ISIS/Draw computer program from MDL Information Systems. Each structure was copied into the ISIS/Base program with all additional information (food source, common name, full name, known activities and references) forming a fully searchable database.
Subsequently, 2D structures were converted into 3D structures needed for docking calculations using the Genfra in Insight II. During this conversion, compounds with a known chirality were introduced as they were reported to protect their current configuration. If the chiral center was detected, but not specified, the program produced all isomers for up to six chiral centers, producing up to 2 6 =64 possible isomers. Therefore, the actual number of 3D structures is usually much higher than the number of 2D entries in the database (in our database 2D=1065, 3D=2079). ΔG o represents the contribution to the binding energy that does not directly depend on any specific interactions with the receptor; ΔG hb and ΔG ion represent the contribution from an ideal hydrogen bond and unperturbed ionic interactions, respectively; ΔG lipo represents the contribution from lipophilic interactions, which is proportional to the lipophilic surface A lipo ; ΔG rot represents the contribution due to freezing of internal degrees of freedom in the fragment; NR is the number of acyclic bonds; ΔR is the deviation of H➝A bond length from the ideal value of 1.9 Å; Δ· is the deviation of the hydrogen bond angle from the ideal value of 180˚. In general, a lower score represents a higher affinity and stronger binding of a ligand to the receptor (Insight II ver. 2000 and Sybyl ver. 6.8). 
Assay of urokinase plasminogen activator activity (zymography).
The assay was done by zymography, essentially as described before and modified by us to quantify uPA activity (28) . Briefly, 20 ml of casein solution (100 mg/ml) in PBS is mixed with 50 ml of 1.56% of agarose in PBS at 50˚C containing 2 Sigma units of plasminogen (from Sigma). The mixture was poured into a 8.5x12.8 cm mold and spread evenly. After the gel hardened, two 1.8 mm holes were made. The holes were filled with 2.5 μl of uPA (from American Diagnostica Inc., Stamford, CT) or uPA/inhibitor mixture. The gel was incubated at 37˚C for 6 h. Diffusing uPA into the gel activates plasminogen to plasmin, which hydrolyzes casein producing characteristic lysis zones. The level of uPA activity was determined from the radius of the lysis zones. The inhibitory activities of nutrients toward urokinase are inversely proportional to the radius of the lysed zones. The series dilution of uPA provided a standardization on each gel. Based on the uPA standard curve of activity, we determined the IC 50 for these inhibitors.
Sprout formation assay. The uPA inhibitors were tested on their ability to inhibit angiogenesis using human endothelial cells as a model. These cells express a high activity of uPA on the tip of the sprout when grown in fibrin gels. Inhibition of uPA prevents sprout formation and is a measure of antiangiogenic activity.
HUVEC cells were grown to confluence in EGM-2 growth medium. Next, the cells were trypsinized and seeded onto 0.5% agarose-coated culture dishes. This procedure resulted in cell aggregate formation after 24 h of incubation at 37˚C. The HUVEC aggregates were decanted by allowing the cells to stand for 30 min at room temperature. The old-medium supernatant was decanted and HUVEC aggregates were suspended in 5 ml of fresh EGM-2 growth medium.
Three-dimensional fibrin gels were prepared by mixing the following solution in 12-well culture plates: 960 μl of human fibrinogen (Type III, 60% of protein clotable; 2.50 mg/ ml concentration in RPMI-1640 medium), 40 μl of HUVEC aggregate suspension, and 12.5 μl of human thrombin (25 IU/ ml concentration in RPMI-1640 medium). The sprout formation assay was done basically as described by Pepper et al (29) . Briefly, the HUVEC aggregates were suspended in fibrin gel containing uPA inhibitors; 1 ml of EGM-2 growth medium was later added over the fibrin gel. The mixture was gently mixed and allowed to gel for ~4 min at 37˚C before adding EGM-2 growth medium over the gel. After 3 days of cell incubation, cultures were fixed in situ for 24 h with 2 ml of 10% formalin solution and photographed under a phasecontrast microscope.
Results and Discussion
The docking approach supported by empirical scoring functions has been used successfully in the past to identify protein ligands by several computational methods (30) (31) (32) (33) (34) (35) (36) . It has been reported that the best results were obtained for the subset of 16 serine protease complexes with a standard deviation of 1.0 log K i unit and an R 2 value of 0.86 Å (37). This approach of searching for novel inhibitors is especially attractive for urokinase, since uPA is a serine protease.
As shown in Fig. 1 , a computer search for uPA inhibitors revealed several compounds with a high score (-43 to -27 kcal/ mol). The best scoring compounds were pterins, which are uncommon in the popular diet (38) , not commercially available, and of very poor water solubility. As shown in Table I , other examples of selected compounds include: antipain, leupeptin, folic acid, rosmarinic acid, lavendustin A, fisetin, myricetin, and tolfenamic acid. Some of these were not available commercially. Therefore, the final selection included only commercially available, good uPA inhibitors: antipain, leupeptin, folic acid, and rosmarinic acid.
Docking calculations revealed that most of the inhibitors where inserted into the specificity pocket formed by amino acids 187-197 and 212-229 of uPA, which block the recognition site, preventing binding of uPA with its substrate plasmin. This is the case with inhibition of uPA by small molecules such as benzamidine, p-benzamidine, and amiloride (39) . With bigger molecules, such as folic acid or rosmarinic acid, only part of the molecule was in that negatively charged pocket, while the remaining part hovers close to the catalytic triad (57, 102, 195) providing additional steric hindrance to uPA interactions with its substrates (Fig. 2) .
Some nutraceuticals create an additional challenge in measuring uPA activity because their intense light absorption in wavelength used in uPA spectroscopic activity determination. Hence, we used zymography, which is considered a semi-quantitative method of uPA activity determination. We modified this assay by introducing standardization (the radius of lysed zones vs. uPA activity) and quantifying uPA activity. The inhibitory activities of selected nutraceuticals toward urokinase measured by zymography were inversely proportional to the radius of the lysed zones on the gel. Based on the standard curve of uPA activity done with every assay, we determined the IC 50 for these inhibitors; rosmarinic acid IC 50 =28 mM; leupeptin IC 50 =28 mM; antipain IC 50 =17 mM; folic acid IC 50 =21 mM. Two of these nutraceuticals (antipain, leupeptin) are known serine protease inhibitors (40) . However, there is no information available on that type of inhibitory activity for folic or rosmarinic acids (Fig. 3) .
For the sprout formation assay, we have chosen three uPA inhibitors, omitting folic acid, since at uPA inhibitory concentration it produces an intense yellow color in the gel, which makes it difficult to determine the length and number of sprouts. In these three uPA inhibitors for which the sprout formation was measured, two distinct patterns were observed. First, for leupeptin, we have found that 50% inhibition of the number and length of sprouts was observed at a concentration of 24 mM, which was very close to urokinase inhibition at IC 50 (28 mM) . This observation strongly suggests that observed inhibition of sprout formation was caused by inhibition of uPA. Second, in the case of rosmarinic acid and antipain, inhibition of sprout formation was observed at much lower concentrations than the IC 50 of uPA (for rosmarinic acid <0.84 mM and for antipain <1.06 mM). These values are well below the IC 50 of uPA. We concluded that in addition to inhibition of sprout formation by uPA inhibitors, some other mechanisms were involved. Huang and Zheng reported the reduction of angiogenesis by rosmarinic acid at a concentration of 0.2 mM. They attributed the anti-angiogenic potential of rosmarinic acid to its anti-oxidative activity, which further resulted in the inhibition of reactive oxygen species associated VEGF expression and IL-8 release (41) .
Because the database of nutraceuticals was small, we did not expect to find either many or high affinity/specific inhibitors. Rather, we tested this method as a proof of concept. All the facts described above support the hypothesis that nutrients selected by computerized searches can inhibit unwanted uPA activity and thus reduce angiogenesis. If true, a proper diet rich in uPA-inhibiting nutraceuticals might support the prevention of prostrate cancer and be a supportive tool in prostate cancer treatment.
